Background. For patients waitlisted for a deceased-donor kidney, hospitalization is associated with a lower likelihood of transplantation and worse posttransplant outcomes. However, individual-, neighborhood-, and regional-level risk factors for hospitalization throughout the waitlist period and specific causes of hospitalization in this population are unknown. Methods. We used United States Renal Data System Medicare-linked data on patients waitlisted between 2005 and 2013 with continuous enrollment in Medicare parts A and B (n = 53 810) to examine the association between annual hospitalization rate and a variety of demographic, clinical, and social factors. We used multilevel multivariable ordinal logistic regression to estimate odds ratios. Results. Factors associated with significantly increased hospitalization rates among waitlisted individuals included older age, female sex, more years on dialysis before waitlisting, tobacco use, panel-reactive antibody greater than 0, public insurance or no insurance at end-stage renal disease diagnosis, more regional acute care hospital beds, and urban residence (all P < 0.05). Among patients dialysis-dependent when waitlisted, individuals with arteriovenous fistulas were significantly less likely than individuals with indwelling catheters or grafts to be hospitalized (odds ratios, 0.79 and 0.82, respectively, both P < 0.001). The most common causes of hospitalization were complications related to devices, implants, and grafts; hypertension; and sepsis. Conclusions. Individual-and regional-level variables were significantly associated with hospitalization while waitlisted, suggesting that personal, health system, and geographic factors may impact patients' risk. Conditions related to dialysis access and comorbidities were common hospitalization causes, underscoring the importance proper access management and care for additional chronic health conditions.
H ospitalization while waitlisted for kidney transplantation is associated with poorer posttransplant outcomes. 1 In addition, hospitalization is associated with a lower likelihood of receiving a transplant among waitlisted patients. 2, 3 Furthermore, hospitalization may add to increased Medicare costs, making it important to identify potentially modifiable factors. Despite the clinical and economic importance of pretransplant hospitalizations, factors associated with hospitalization throughout the waitlist period and causes of hospitalization have not been described in depth or included regional or neighborhood level factors.
It is important to consider individual-level (eg, age, body mass index [BMI] ) and regional-level (eg, neighborhood poverty, United Network for Organ Sharing [UNOS] region, rural vs urban) factors because both contribute to healthcare utilization and health outcomes but may require different approaches to prevent or modify these outcomes. [4] [5] [6] Individuallevel (eg, socioeconomic status [SES]), and regional-level (eg, UNOS region, dialysis center) variables impact individuals with chronic kidney disease (CKD) and end-stage renal disease (ESRD) from diagnosis to transplantation-there are variations in disease incidence, 6 referral for evaluation for kidney transplant, 7 placement on the waitlist, 8 time spent on the waitlist, 9, 10 and receipt of an organ 9, 11 across levels of neighborhood and other geographic regions. Thus, both types of factors may impact the likelihood of hospitalization while waitlisted.
Hospitalization rate while waitlisted may serve as a surrogate for overall health; for other medical conditions, hospitalization is associated with severity of illness and lower quality of life. [12] [13] [14] However, hospitalization may also be an indicator of poor access to primary or preventive care. 15, 16 The first step toward identifying which hospitalizations are preventable is to understand the causes of hospitalizations. However, hospitalization causes for individuals waitlisted for kidney transplant have not previously been described. This study's purpose was to evaluate demographic, medical, and geographic factors associated with hospitalization while waitlisted for kidney transplantation and to describe the causes of hospitalization in this population.
MATERIALS AND METHODS

Study Population and Data Sources
The analysis included all adults (aged 18+ years) waitlisted for first renal allograft between January 1, 2005, and December 31, 2013, who had continuous coverage by Medicare parts A and B while waitlisted. Patient data came from the United States Renal Data System (USRDS). Demographic and clinical information came from the Centers for Medicare and Medicaid Services (CMS) Medical Evidence form (CMS-2728), which is completed at the start of ESRD treatment. Transplant data came from the UNOS forms completed at the time of waitlisting and at transplantation. Hospitalization data were from CMS claims data. We linked American Community Survey neighborhood poverty and education data (2005) (2006) (2007) (2008) (2009) (2010) ; Dartmouth Atlas of Health Care data on acute care hospital beds per 1000 residents (2012), primary care physicians (PCPs) per 100 000 residents, and nephrologists per 100 000 residents (both 2011) per hospital service area (HSA) 17 ; and United States Department of Agriculture county classification of rural-urban continuum (2013) 18 to patients by residential zip code collected at ESRD diagnosis or time of CMS-2728 completion. A first quarter 2013 crosswalk file was used to link zip codes to counties and a 2012 crosswalk file was used to link zip codes to HSAs.
For inclusion, we considered 57 077 adults placed on the waitlist for first deceased-donor kidney transplant between January 1, 2005, and December 31, 2013, with continuous Medicare coverage while waitlisted. This included both patients with ESRD and patients with CKD who were preemptively waitlisted. Patients were excluded if they were missing key information or had invalid hospitalization data. Exclusions by cause are outlined in Figure 1 . The final study population included 53 810 individuals.
Study Variables
The primary outcome was annual hospitalization rate after being waitlisted. Study participants were followed from the date of waitlisting until death, 30 days before transplant (deceased or living), removal from the waitlist for other reasons, or the end of the study period (December 31, 2013). Follow-up time was defined as the time from waitlisting until either transplant or removal from the waitlist due to death, inactivation, or other causes. Hospitalization rate was calculated as the number of hospitalizations per year while waitlisted up to 30 days before transplant, to exclude hospitalization associated with the transplant operation. Hospitalization rates were categorized as: no hospitalizations per year, greater than >0 to 2 hospitalizations per year, and greater than 2 hospitalizations per year.
The primary diagnosis for each hospitalization was assessed for up to an individual's first 30 hospitalizations. The Agency for Healthcare Research and Quality's Healthcare Cost and Utilization Project's Clinical Classification Software was used to categorize International Classification of Diseases, ninth revision (ICD-9) codes. 19 They were examined based on first-level categorization (most general), thirdlevel (more detailed) categorization, and ICD-9-level (most detailed) categorization of diagnosis codes.
Demographic and medical factors during were the main exposures of interest. Individual-level variables included recipient race/ethnicity, age at waitlisting, peak panel-reactive antibody (PRA), sex, blood type, willingness to accept an expanded donor criteria organ, years of dialysis before waitlisting, ESRD/CKD cause, BMI, history of cancer, smoking status, dialysis access type at first dialysis session, insurance at ESRD start or preemptive waitlisting, and employment at ESRD start or preemptive waitlisting. Race/ethnicity was categorized as non-Hispanic white, non-Hispanic black, Hispanic white, Hispanic black, Asian, and other races/ethnicities. Peak PRA was defined as the PRA listed as peak, the highest PRA listed, or, if both were missing, was imputed as zero (n = 12). ESRD/CKD cause was categorized as diabetes, hypertension, kidney-related causes (ie, IgA nephropathy, polycystic kidney disease, focal segmental glomerulosclerosis, or other types of glomerular nephritis), and other causes (eg, tumor, infection, uncategorized, and so on). Dialysis access type was categorized as arteriovenous fistula (AVF), arteriovenous graft, indwelling catheter, peritoneal, or other. Insurance and employment at ESRD diagnosis or preemptive waitlisting (ie, ESRD start) were assumed individual-level proxies of SES. Insurance and employment at ESRD start or preemptive waitlisting were obtained for everyone based on USRDS data. Employment was categorized as employed full-time, employed part-time, unemployed, retired, and other (included homemakers, students, medical leave of absence, and other).
Neighborhood area-level socioeconomic variables of neighborhood poverty and neighborhood education were calculated based on American Community Survey data. Neighborhood poverty was estimated by the percentage of households with an annual income below the federal poverty level in each 5-digit zip code area and classified as less than 15%, 15% to 30%, and greater than 30% of households below the federal poverty line. Neighborhood education was estimated by the percentage of adults with less than a high school level education in each 5-digit zip code area. It was dichotomized into areas with less than 85% of adults having graduated from high school and areas with 85% or greater.
Larger area-level healthcare access-related variables used included acute care hospital beds per 1000 residents, PCPs per 100 000 residents, and nephrologists per 100 000 residents per HSA, all of which were categorized into above or below their median values (2.069, 70.3, and 2.27, respectively). In addition, whether an individual lived in an urban or rural area was dichotomized in accordance with the United States Department of Agriculture's groupings of metro (ie, urban) and nonmetro counties.
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Data Analysis χ 2 and ANOVA tests were used to test for differences between baseline characteristics by hospitalization rate. We used multilevel ordinal logistic regression models with clustering of transplant centers within organ procurement organizations (OPOs) and random intercepts for both (SAS GLIMMIX) to estimate the odds ratios (OR) for the association between covariates and an increase in hospitalization rate. That is, the odds of either going from no annual hospitalizations to greater than 0 annual hospitalizations or from 0 to 2 to greater than 2 annual hospitalizations while waitlisted. Model 1 was adjusted for age, sex, race/ethnicity, insurance at ESRD start or preemptive waitlisting, ESRD/CKD cause, BMI, cancer history, cigarette smoking, prior transplant, blood type, PRA, year of waitlisting (to account for differences in time at risk), years on dialysis before waitlisting, willingness to accept an expanded donor criteria organ, neighborhood poverty, and neighborhood education.
Because not all preemptively waitlisted individuals were dialysis-dependent, model 2 analyzed dialysis-dependent individuals in a model adjusted for the same variables as model 1 plus dialysis access type.
To assess for the association between healthcare capacity, healthcare access, and region and hospitalization, model 3 was adjusted for the same variables as model 1 plus acute care hospital beds, PCPs, and nephrologists per HSA and urban vs. nonurban county, and UNOS region.
As a sensitivity analysis, we studied 2 alternate parameterizations of hospitalization. First, we categorized hospitalization rate as a dichotomous variable. Second, we examined the average annual days hospitalized, which was categorized as 0, greater than 0 to less than 5.25 (the median annual days hospitalized for those who were hospitalized), and 5.25 or greater. For the dichotomous categorization of hospitalization, 3 multilevel logistic regression models were used. For average annual days hospitalized, 3 multilevel ordinal logistic regression were used. All models used complete case analysis. Analyses were performed in SAS 9.4 (Cary, NC). P values less than 0.05 were considered significant. The Emory University Institutional Review Board approved this study (IRB00038140).
RESULTS
Characteristics of the Study Population
Overall 53 810 adults waitlisted for deceased-donor kidney transplant were included in this analysis, of whom 31 488 were hospitalized at least once (58.5%). Among those hospitalized while waitlisted, median time to first hospitalization was 286 days, to second hospitalization was 464 days, and to third hospitalization was 603 days (Figure 2 ). Individuals were waitlisted for a median of 1092 days (interquartile range [IQR], 451-1541). During the study period, 17 639 individuals were removed from the waitlist after receiving a deceased-donor transplant (32.8%), 5346 were removed after receiving a living donor transplant (9.9%), 5459 were removed from the waitlist because their condition deteriorated and they were no longer eligible for transplant (10.1%), and 9231 died while waitlisted for transplant (17.2%). Individuals who were black Hispanic, black non-Hispanic, and white Hispanic race/ethnicity were most likely to be hospitalized while waitlisted (64.3%, 61.8%, and 60.9%, respectively, vs 55.2% for white non-Hispanic, P < 0.001). Most patients lived in an urban area (84.0%). Study variables stratified by hospitalization rate are presented in Table 1 .
There were 157 859 hospitalizations during the study period, of which primary diagnoses were obtained for 156 007. The median hospitalization rate among patients waitlisted for kidney transplantation was 0.4 (IQR, 0-1.4; mean, 1.2; Table 2 ). The most common level-1 diagnosis category causes of hospitalization were for diseases of the circulatory system, injuries, and poisonings (category includes surgical, medical, device, and graft complications), and endocrine, nutritional, and metabolic diseases (26.7%, 17.0%, and 11.3%, respectively, Figure 3) . The most common level-3 diagnosis category causes of hospitalization were complication of device, implant, or graft; hypertension; and septicemia (12.2%, 6.1%, and 5.8%, respectively, Table 3 ). The most common ICD-9 codes of the cause of hospitalizations were 996.73 ("other complications due to renal dialysis device, implant, and graft," 4.1% of hospitalizations), 486 ("pneumonia, organism not otherwise specified [NOS]," 3.5%), 403.91 ("hypertensive CKD, unspecified, with chronic kidney disease stage V or end-stage renal disease," 3.2%), 038.9 ("septicemia, NOS," 3.1%), and 996.62 ("infection and inflammatory reaction due to other vascular device, implant, and graft," 2.8%). In addition, 1.2% of all hospitalizations were attributed to "infection and inflammatory reaction due to peritoneal dialysis catheter" (ICD-9 code 996.68).
Risk Factors for Hospitalization
During the study period, 58.5% of individuals were hospitalized at least once. In unadjusted analyses, compared with their respective referent categories (Table 4) black nonHispanic, black Hispanic, and white Hispanic race/ethnicity, female sex, older age, public insurance at diagnosis of ESRD/ prelisting, diabetes as cause of ESRD/CKD, obese BMI, tobacco use, more years of dialysis at time of waitlisting, elevated PRA, living in a zip code with higher adult education, living in a zip code with higher rates of household poverty, willingness to accept an expanded donor criteria organ, urban residence, higher per capita acute care hospital beds, higher per capita PCPs, and higher per capita nephrologists were all significantly associated with increased hospitalization while waitlisted (all P < 0.05, data not shown). Asian race, no insurance or other insurance type at waitlisting, AB or A blood type, and intrinsic kidney disease as cause of ESRD/ CKD were all associated with decreased hospitalization while waitlisted (all P < 0.05, data not shown, referent groups in Table 4 ).
In model 1, female sex, older age, public insurance or no insurance at diagnosis of ESRD/prelisting, diabetes as cause of ESRD/CKD, tobacco use, more years of dialysis at time of waitlisting, and PRA greater than 0 were all significantly associated with increased hospitalization while waitlisted (all P < 0.05, Table 4 ). Asian or white Hispanic race, intrinsic kidney disease as cause of ESRD/CKD, and blood type A or AB were all associated with increased hospitalization while waitlisted (all P < 0.05, Table 4 ).
Dialysis-Dependent Group Analysis
The 98.1% of individuals in the population were dialysisdependent at waitlisting (n = 52 760). Compared to individuals preemptively waitlisted without dialysis, dialysis-dependent individuals were more likely to be hospitalized while waitlisted (OR, 1.38; P < 0.0001, data not shown). In model 2, which included dialysis access type, individuals with AVF were significantly less likely to be hospitalized than individuals with indwelling catheters (OR, 0.79; P < 0.001, Table 4 ). Individuals with arteriovenous grafts or on peritoneal dialysis were not significantly less likely to be hospitalized than those with indwelling catheters (ORs, 0.96 and 1.03; P = 0.46 and 0.27, respectively, Table 4 ).
Regional Geographic Characteristics and Healthcare Resources
Median hospitalization rate among patients waitlisted for a kidney transplant varied across UNOS region from 0 to 0.5 (Table 2 ). However, in the fully adjusted model (model 3) including UNOS region, region was not significantly associated with hospitalization (Table 4) . Living in an urban area compared with a more rural area was associated with hospitalization (OR, 1.18, P < 0.001, Table 4 ). Living in an HSA with lower than the median number of acute care hospital beds per 1000 residents was associated with lower likelihood of hospitalization (OR, 0.93; P < 0.001), but fewer per capita PCPs and nephrologists were not associated with hospitalization (Table 4) .
Sensitivity Analysis
In the sensitivity analysis, dichotomizing hospitalization (ever vs never) and measuring hospitalization as days hospitalized per year yielded similar results to the use of 3 categorizes of hospitalization rate. The only estimate to change direction and significance was in model 3 with hospitalization dichotomized. In that model, the estimate of the OR of increased hospitalization category for a black non-Hispanic individual compared to a white non-Hispanic individual was 1.10 (P < 0.001), whereas it was 0.99 (P = 0.535) with hospitalization rate categorized into 3 groups (Table 4) . No other estimates changed in both direction and significance.
DISCUSSION
In this study of US adults waitlisted for deceased donor kidney transplantation, almost 60% of individuals were hospitalized while on the waiting list during the 9-year study period. Though the causes were diverse, hospitalizations related to dialysis access, underlying cardiovascular disease, and infections were common. There was also multiple individualand area-level variables that were associated with a greater likelihood of higher hospitalization rate while waitlisted. Hospitalization is common among individuals waitlisted for kidney transplant and is associated with numerous modifiable risk factors, which suggest that interventions to decrease potentially preventable admissions in this population may be appropriate.
Hospitalization for waitlisted individuals has documented associations with negative outcomes, including higher mortality while waitlisted, 3 lower likelihood of receiving a transplant 2 and higher likelihood of posttransplant complications. 1 In addition, hospitalizations may increase total medical costs. 20 Therefore, it is important to develop interventions for waitlisted individuals to prevent hospitalization. Many of the common causes of hospitalization for waitlisted individuals, such as graft complications, heart failure exacerbation, and diabetes-related issues, were expected given the existing comorbidities of waitlisted individuals. Furthermore, some common causes of hospitalization, such as pneumonia, may be more common among patients with CKD/ESRD. 20 However, we could not determine whether some hospitalizations were preventable. Ronksley et al 16 have begun exploring the possibilities for assessing preventable hospitalizations among non-dialysis-dependent patients with CKD. Yet when applied to a dialysisdependent ESRD population, many indicators they consider (eg, hyperkalemia) center on the quality of dialysis and adherence to dialysis rather than the overall ambulatory care quality. An alternative set of indicators and benchmarks would be necessary for patients waitlisted for kidney transplantation.
Our work identified both modifiable and nonmodifiable factors associated with hospitalization during the entire waitlist period. Two modifiable dialysis-related factors associated with greater likelihood of hospitalization were years on dialysis before waitlisting and dialysis access type. In a previous study by our group that examined hospitalizations during the first year on the waitlist, years on dialysis before waitlisting was a significant risk factor. 3 Longer time on dialysis before waitlisting may negatively impact an individual's health status by the time they are waitlisted because of the physiologic burden of dialysis. There is ongoing work to encourage equitable and early evaluation of individuals for transplantation, 21 and our study supports this endeavor. Initial dialysis access type was also a significant risk factor for hospitalization, with individuals with indwelling catheters faring worse than those with AVF, as expected based on known risks of catheter use. 22, 23 This indicates that preemptive placement of an AVF may be an effective method of preventing hospitalizations. An additional modifiable risk factor we identified was tobacco smoking, which was associated with a substantially increased risk of hospitalization. Prior studies have linked tobacco consumption posttransplant to negative cardiovascular and graft-related outcomes, 24, 25 and our study suggests that pretransplant tobacco cessation remains an important goal for all patients.
Some variables that were associated with increased hospitalization rate may be proxies for other factors, such as PRA. PRA greater than 0 was associated with a significantly increased risk of hospitalization, indicating that more highly sensitized individuals had a higher likelihood of hospitalization than less sensitized individuals. PRA increases in individuals who receive multiple prior transfusions or other exposures to foreign antigens. Among dialysis patients, those with more comorbidities may be more likely to be selected for transfusion, 26 suggesting that these individuals may be sicker at baseline. Unfortunately, this also increases the likelihood of alloimmunization and the difficulty of finding a suitable organ match 27 and leaves these individuals waiting longer for an organ.
Unadjusted analyses suggested differences in hospitalization rate between UNOS regions, but after controlling for clustering by transplant center and OPO and adjusting for the degree of rurality of individuals' counties of residence, there were no persistent significant differences between UNOS regions. In the United States, the OPO region where a patient resides is a significant factor in time spent on the waitlist. 28 In our study, the significant association between increased hospitalization and urban counties was also demonstrated in the increased likelihood of hospitalization in HSAs with higher numbers of hospital beds per capita. In a post hoc analysis, rural residence was associated with shorter length of stay, suggesting that individuals waitlisted for transplant who live in rural areas may experience less severe acute illness than their urban counterparts. Interestingly, outpatient resources as measured by PCPs and nephrologists per capita were not significantly associated with hospitalization, and thus the potential for prevention of hospitalization by increasing outpatient resources is unclear.
There were multiple other factors that we found were associated with hospitalization among patients waitlisted for a kidney transplant, including race, public insurance at ESRD diagnosis (a marker of low SES), and female sex. Racial disparities in kidney transplantation are well documented. 29, 30 However, in this study after adjusting for covariates, black individuals were not more likely to be hospitalized while waitlisted. We added to prior work by documenting that white Hispanic and Asian individuals were significantly less likely to be hospitalized while waitlisted. Like racial disparities in hospitalization, SES-related disparities in hospitalization while waitlisted are consistent with what is known about other kidney transplant-related outcomes among low SES individuals, including higher waitlist mortality and increased posttransplant morbidity and mortality (reviewed in Patzer and McClellan 31 ). These differences may be because despite eligibility for Medicare coverage, low SES individuals with ESRD may face geographic 32 and other barriers that contribute to decreased survival among ESRD patients. 33 The disparities we observed in hospitalization by sex (ie, females more likely to be hospitalized) are more difficult to explain. Possible hypotheses include greater issues with nonadherence, 34, 35 less guideline-based care by healthcare providers, 34 or greater severity of illness. 36 This study has multiple strengths. This is the first study to examine the detailed causes of hospitalization while waitlisted for kidney transplant and to assess for potential risk factors for hospitalization while waitlisted. We had a large study population, which allowed us to analyze hospitalization causes across multiple regions and many covariates, including a detailed assessment of racial/ethnic groups. Furthermore, USRDS data have high follow-up rates, 37 making our data set nearly complete with regard to key exposures and outcomes.
There are limitations of this study. Because we needed complete hospitalization records during the study period, our study population was limited to individuals with continuous Medicare parts A and B coverage, which may have caused a selection bias. This was also an observational study, and there may be unmeasured variables confounding the measured associations. Furthermore, for some variables, such as neighborhood poverty, BMI, and dialysis access type, we only had access to 1 measurement, and these variables may have changed over the study period. In addition, our data set did not include preventive care measures or baseline health status among waitlisted individuals. The study relied upon billing codes to analyze the cause of hospitalization, a common yet limited method, and as such may be biased by coding errors or trends. Compared with prior work by our group, 3 for this study, we used a rate of number of hospitalizations per year rather than a rate of days hospitalized per year because we were interested in frequency of hospitalization. In our sensitivity analysis, we analyzed days hospitalized per year and had similar findings.
This study is the first that we are aware of to examine the causes of hospitalization while waitlisted for kidney transplant and their association with potential risk factors throughout the waitlist period. We report that hospitalization is common and associated with conditions linked to CKD, dialysis, and related comorbidities. However, it is difficult to determine which of these hospitalizations may have been preventable through improved outpatient management or other interventions. We also report that geographic, demographic, and SES-related factors remain risk factors for hospitalization, even after adjusting for other variables, but that potentially modifiable risk factors, such as duration of dialysis before waitlisting, dialysis access type, and smoking may also play a role. Further studies should identify markers of preventable hospitalization for this population to better assess preventive care quality and should determine if targeting modifiable risk factors reduces hospitalization among individuals waiting for kidney transplantation.
